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Abstract 

Thermoelectric materials based on Cobaltites are 
known for their large Seebeck coefficient. This paper 
reports about Seebeck voltage measurements under 
large temperature gradient of conventionally sintered 
Cobalt oxides alloyed with Mn, Ni or Fe. The results 
show a large positive Seebeck coefficient and short- 
circuit current and large negative Seebeck coefficient 
for Co50 Ni50 FelO oxides. The discussion focuses on 
the comparison with phase diagrams and indicates 
that a large Seebeck coefficient does not necessarily 
require the spinel structure. 
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Introduction 

Two kinds of famous thermoelectric oxides with large 
Seebeck coefficient and figure-of-merit are based on 
cobaltite. NaCoCb-x is known for the spin contribution 
to the thermoelectric power [Terasaki 1997] and with 
intercalation it turns into a superconductor [Takada 
2003]. CaCoCh is known as stable thermoelectric for 
power generation [Funahashi 2000, Pinitsoontorn 
2012] and its performance is explained by spin 
frustration on the Kagome lattice [Koshibae 2000]. 

The CoNiMn oxide system and its extensions to iron 
oxide has the advantage that no low melting eutectic 
point occurs and all components are stable up to 1500 
°C, a necessary condition for power generation up to 
high temperatures. Also, the electric conductivity cr is 
larger compared to other ceramics. Besides the fact 
that thermoelectric materials require a large Seebeck 
coefficient S, and a small thermal conductivity k, in 
order to achieve a large figure of merit ZT = S 2 Tcr/ k. 
The system has been considered as a candidate for 
thermoelectric material [Plewa 2004, Yokoyama 2012] 



already, but it is better known for thermistor 
applications, for which materials with negative 
temperature coefficient (NTC) [Abe 1999, Yokoyama 
2007, Park 2005] are required. In this system 
interesting findings have been reported [Yokoyama 
2012]. The electrical conduction of the oxides is 
controlled by the small polaron hopping mechanism. 
The carrier concentration can be controlled 
independently from the mobility [Yokoyama 2012]. 

The formation of the Spinel region in this ternary 
CoMnNi oxide system has been sketched on a 
structural map [Abe 2008]. The (Co,Mn)304 spinel is 
stable over a wide temperature and composition range. 
The relationship between average cation radii and 
oxygen parameter has been examined for various 
spinels and inverse spinels [Yokoyama 2005]. The 
activation energies for the temperature dependence of 
the electric conductivity are correlated to the 
composition. In systems with the neighbouring Fe 
element the formation of similar spinel structures is 
observed [Rohrer 2004], such as the inverse Spinel 
structure in Co3-xFexC>4 [Rohrer 2004], NiFe2C>4 
[Bahlawane 2009] or NiMn 2 4 , [Rohrer 2004, 
Tsukimura 2003, Feteira 2009] also known as NTC 
ceramic with a report of detailed resistivity 
measurements. Another application of Co2Mn04 
spinel has recently been reported, which is the 
discovery of its large catalytic oxidation behaviour 
[Bordeneuve 2009]. 

In Co-based rare earth ceramics we have reported 
[Wunderlich 2011] new thermoelectric phenomena 
related to measurements under high temperature 
gradient, while conventional NaTa03-Fe203 composite 
ceramics show completely linear Seebeck coefficient 
over a wide temperature range [Wunderlich 2010, 
Wunderlich 2009]. The research reported in this paper 
has three goals, the first one is to verify thermoelectric 
properties of the CoNiMn system, the second one is to 
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check in other systems and the third is to find the 
guiding principles for further search. 

Experimental 

Specimens were produced by conventional sintering. 
Firstly, well-defined weight ratios of fine powders of a 
black C0O-C03O4 powder (Fine Chemicals Ltd.) were 
mixed with pure metals Mn, Ni or Fe, in a mortar for 
more than lOmin. The specimens were pressed with 
100 MPa as pellets 15 mm in diameter and 3mm height 
and sintered in air at 1273 K for 5 h in an air furnace 
with slow heating and cooling rates (100 K/h). The 
metal oxidation should provide some additional heat 
for alloy formation known as reaction sintering. The 
specimens were characterized by SEM (Hitachi 3200-N) 
at 20kV equipped with EDS (Noran) mapping. The 
properties were characterized by electric resistivity 
measurements (Sanwa PC510). 

The thermoelectric measurements were performed by 
a self-manufactured device as reported previously. 
The specimen lied with one side on a copper block as a 
heat sink and with its other side on a micro-ceramic 
heater (Sakaguchi Ltd. MSI 000), which was heated up 
to 1273 K within 3 min. Hence, the bottom part of the 
specimen experiences a large temperature difference 
of 650 K at maximum heating. The upper part is 
heated through the heat diffusivity of the specimen. 
From temperature distribution as measured by 
thermocouples the Seebeck voltages were measured 
by Sanwa PC510 voltmeters and recorded online by a 
personal computer. From the temperature dependence 
of Seebeck voltage Usee the Seebeck coefficient S = A 
U See / AT was calculated. This Seebeck coefficient 
measurement is performed under a large temperature 
gradient with maximum AT =650K, which is close to 
the condition in applications like thermo-generators 
using gas burners. During measurement the upper 
temperature gradually increases, while the lower 
temperature is kept constant. So we can measure a 
temperature dependence of the Seebeck coefficient 
S(AT), which, however, is slightly different from the 
S(T) with AT « 10K usual measured by ZEM (Ulvac) 
as provided in literature. When the specimen has a 
linear Seebeck coefficient with temperature S(T), the 
same Seebeck coefficient S(AT) = S(T) is measured, 
which was confirmed und will be published soon. 

When the maximum temperature was reached and the 
Seebeck voltage was stabilized, the open ends of cold 
and hot specimen sides were closed by different 
resistors (1, 10, 100, lk, 10k, 100k, 1MQ) and the 



current measured. This closed circuit current is a 
measure for its performance [Wunderlich 2012]. In 
ideal case, when the specimen has small resistivity, a 
large Seebeck voltage will cause a large current, but 
some specimens behave differently due to the internal 
resistance of the specimen, namely charge carrier 
concentration and mobility. 

Results and Discussion 

The sintered specimens show a dense microstructure 
(fig.l) with a grain size of about 1 um. There is not 
much difference between the microstructure of the 
three alloys (a) C048 Nis2 (b) C042 M20 Fe4o (c) C054 Mnis 
Nils Feis oxide ceramics. An exception is only case (c), 
which is the alloy with the largest amount of additions. 




FIGURE 1 SEM MICROGRAPH OF (A) C048 NI52 (B) C042 
NI20 FE40 (C) C054 MN15 NI15 FE15 OXIDE CERAMICS 
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FIGURE 2 SEM MICROGRAPH AND EDS MAPPING OF C041 
NI20 FE40 OXIDE CERAMICS 
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FIGURE 3 SEM MICROGRAPH AND EDX MAPPING OF C051 
NI16 FE33 OXIDE CERAMICS 
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FIGURE 4 SEM MICROGRAPH AND EDS MAPPING OF CO80 
NI11 FE10 OXIDE CERAMICS 
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FIGURE 5 SEM MICROGRAPH AND EDS MAPPING OF C041 
NI14 FE30 MN15 OXIDE CERAMICS 



On large magnification the specimens after sintering 
still show small pores inside the grains, obviously 
stoichiometric vacancies due to large deviation from 
the starting composition. Apparently, the sintering 
time was not long enough to compensate the oxygen 
content according to the change in valence after 
diffusion of the different metal species. 

In the following the chemical mapping by EDS is 
shown in the same color code for each of the elements, 
Co, Fe, Ni and Mn. The maps confirmed that the 
ceramic alloys are already almost homogenous, at 
least for Co. Fig. 2 shows that Fe-rich parts appear, 
while Ni-rich parts are separated. The EDS mapping 
shown in Fig. 3 confirms this fact also for the specimen 
with a little larger Co concentration, Co51 Nil6 Fe33. 
When Co concentration further increases (Co80 Nill 
FelO, fig. 4), the element distribution becomes almost 
homogeneous. Fig.5 shows the Co41 Nil4 Fe30 Mnl5, 
which contained all tested elements. Mn and Fe still 
show inhomogeneous concentrations. 

The conclusion from the SEM characterization part is 
that the more elements the composite contains, the 
longer it takes to homogenize the specimen. Co has a 
fast diffusion coefficient, Ni also to some extent, while 
Fe and Mn are slow. 

The Seebeck voltage as function of the temperature 
gradient is shown in figs. 6-10 (a), where the red line 
marks the heating, the blue line the cooling and the 
hatched line the Seebeck coefficient as average slope. 
The Co5oNiioFe4oOx specimen shows a negative Seebeck 
coefficient of S = -0.15 mV/K (fig. 6a), the 
Co54Nii2Fe380x specimen shows a negative Seebeck 
coefficient of S = -0.2 mV/K (fig. 7 a), the Co4 8 Ni520x 
specimens shows a negative Seebeck coefficient of S = - 
0.35 mV/K (fig. 8a) and S = -0.45 mV/K (fig. 9a), while 
the C054 Mnis Fe3o Ox shows a positive one of S = 0.08 
mV/K (fig. 10 a). When heating the specimens, the 
maximum Seebeck voltage is reached at a temperature 
difference of 550K to 600K as indicated by the orange 
curve in figs. 6 (a) to 10 (a). During cooling the Seebeck 
voltage decreases faster than expected from the 
heating, as indicated by the blue curve in fig. 6 (a) to 7 
(a). The shape of the non-linearity is considered as a 
kind of fingerprint of the activated carrier 
concentration and the electron-phonon coupling. 
When the Ni content (fig. 8 (a) and 9 (a)) increases, the 
Seebeck voltage decreases almost linearly. Hence, we 
can conclude, with increasing Ni-content (fig. 6 (a) to 
10 (a)) the strong non-linearity in the Seebeck voltage- 
versus-temperature disappears. 
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FIGURE 6 SEEBECK VOLTAGE MEASUREMENTS FOR COso NI102 
FE 40 OXIDE (A) TEMPERATURE DEPENDENCE, (B) SHORT 
CIRCUIT CURRENT 
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FIGURE 7 SEEBECK VOLTAGE MEASUREMENTS FOR CO54 NI12 
FEss OXIDE (A) TEMPERATURE DEPENDENCE, (B) SHORT 
CIRCUIT CURRENT 
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FIGURE 8 SEEBECK VOLTAGE MEASUREMENTS FOR COes NI24 
FE13 OXIDE (A) TEMPERATURE DEPENDENCE, (B) SHORT 
CIRCUIT CURRENT 
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FIGURE 9 SEEBECK VOLTAGE MEASUREMENTS FOR C0 48 NI52 
OXIDE (A) TEMPERATURE DEPENDENCE, (B) SHORT CIRCUIT 
CURRENT 
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FIGURE 10 SEEBECK VOLTAGE MEASUREMENTS FOR C054 
MN15 FE30 OXIDE (A) TEMPERATURE DEPENDENCE, (B) 
SHORT CIRCUIT CURRENT 

When the specimens are short-circuited with a load 
resistance, we can measure the Seebeck voltage- 
current, U-I-characteristic as shown in fig. 6 (b), where 
the values of the load resistance are marked. 

The maximum current is -20 uA (fig. 6b), -50 uA (fig. 7 
b), -14 uA (fig. 8b) and -100 uA (fig. 9b), and +45 uA 
(fig. 10 b). While the specimen shown in fig. 7 (b) has 
almost a linear I-U-characteristics, and the specimen in 
fig. 8 (b) shows a concave curve, the others show 
smaller currents than linearity, which means less 
power. These two specimens (fig 9a and 10a) are 
among the best of all specimens, large n- or p-type 
Seebeck voltage and fairly large closed circuit current. 

In this survey about forty specimens with different 
compositions have been produced. The maximum 
Seebeck voltage at the temperature difference of AT = 
650K are summarized in a map shown in fig. 10. The 
center shows the Co-Ni-Mn oxides, while the three 
attached triangles show the extension versus Fe oxides. 
The specimens with positive Seebeck coefficient are 
marked in red, those with negative are marked in blue, 
no Seebeck effect is marked in green and unobserved 
areas in white. The largest positive Seebeck coefficient 
of S = +0.29 mV/K is observed for C025 Mnzs Ox, the 
largest n-type S = - 0.35 mV/K for C048 Nis2 Ox. Fig. 11 
shows the closed circuit current at AT = 650K. The 



largest p-type with Imax = +100 uA is observed for C066 
Mn33 Ox, which has however only S = 0.04mV/K. In the 
case of n-type behaviour, the largest specimen with 
largest current corresponds closely to that of largest 
Seebeck coefficient (C037 Ni38 Fe24 versus C048 M52). 

In order to discuss this behaviour we shown the 
structural map of the (Co,Mn)304 spinel in fig 12 [Abe 
1999]. The yet unknown Fe system is attached and 
their inverse spinel phases Fe2Ni04 and Co2Fe04 and 
(Mn,Co)2Fe04 are marked. 

The comparison with the structure map (fig. 12) to the 
properties map in fig 10 and 11 allows us to conclude 
which crystal structure is best for good thermoelectric 
performance. The material with largest positive 
Seebeck coefficient has obviously the Mn2Co04 spinel 
structure. In the case of negative Seebeck coefficient it 
is not so obvious. It lies surprisingly in the (Co,Ni)304 
region with NaCl structure or in the two phase region 
towards NiFe204. This fact leads to the conclusion that 
rather than crystal structure the interatomic bonding 
and the mixed valence are more important factors for 
good thermoelectric performance. Further 
investigations of the white areas are necessary to 
confirm this statement. 




Seebeck Voltage [mV] 
at AT=650K 



Fe 



FIGURE 10 MAP OF THE QUATERNARY CO-NI-MN-FE OXIDE 
CERAMICS WITH MEASURED SEEBECK VOLTAGE AT AT =650K 
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FIGURE 11 MAP OF THE QUATERNARY CO-NI-MN-FE OXIDE 
CERAMICS WITH MEASURED SHORT CIRCUIT CURRENT AT 



AT=650K 

Fe Mn Fe 




FIGURE 12 MAP OF THE QUATERNARY CO-NI-MN-FE OXIDE 
CERAMICS SHOWING THEIR CRYSTAL STRUCTURE 

Conclusions 

1. The Seebeck coefficient and short-circuit 
current of the Co-Mn-Ni- and the neighboring 
Fe- oxide ceramic system have been measured 
and compared to the crystal structure map. 



2. The best p-type behavior is observed for 
CoMmCk or Co2Mn04, while the best n-type 
behavior is observed for (Co,Ni)304. A 
nonlinear Seebeck voltage is observed in 
specimens with larger Fe-content. 

3. Co diffuses fast, while Mn diffusion is the 
slowest. 

4. Rather than the crystal structure the 
interatomic bonding and the mixed valence 
seem to determine the Seebeck coefficient in 
these ceramic systems. 
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